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High curie temperature ternary piezoelectric ceramics
Abstract
A preferred piezoelectric ceramic material is a BiFeO3—PbZrO3—PbTiO3 ternary solid solution wherein
proportions of the constituent perovskite metal oxides are selected so that the material exhibits relatively high
Curie temperatures above 380° C. and useful piezoelectric properties.
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HIGH CURIE TEMPERATURE TERNARY 
PIEZOELECTRIC CERAMICS 
CONTRACTUAL ORIGIN OF THE INVENTION 
This invention Was made With government support under 
Grant No. FA9550-08-1-0316 awarded by the Air Force 
O?ice of Scienti?c Research. The government has certain 
rights in the invention. 
FIELD OF THE INVENTION 
The present invention relates to a piezoelectric ceramic 
material comprising a series of ternary solid solution compo 
sitions of BiFeO3, PbZrO3, and PbTiO3 in proportions to 
provide a bene?cial combination of piezoelectric properties 
and Curie temperature. 
BACKGROUND OF THE INVENTION 
Piezoelectric ceramic materials are used in sensors, trans 
ducers, and actuators to convert energy betWeen mechanical 
and electrical forms. Searching for ferroelectric ceramics 
With a higher Curie temperature has been a continuous task in 
the ?eld of electroceramics due to the demand from high 
temperature piezoelectric applications.l’ 2 The previous Work 
reported in the literature Was primarily focused on binary 
solid solution systems betWeen tWo perovskite 
compounds,2'4 such as BiScO3iPbTiO3,5’ 6 Bi(Mgl/2Til/2) 
O3iPbTiO37’ 8 and BiInO3iPbTiO3.9’ 10 In these binary 
systems, the dielectric and piezoelectric performances Were 
observed to peak at the morphotropic phase boundary (MPB) 
composition Where a composition-induced phase transition 
occurs.1 1 The MPB composition, usually a very narroW com 
position range, displays a speci?c Curie temperature in the 
binary solid solution. 
The BiFeO3iPbTiO3 (BF-PT) binary system exhibits a 
high Curie temperature (630° C.) and a large tetragonality at 
the MPB composition and has been investigated for high 
temperature piezoelectric applications.l2'l5 HoWever, the 
high leakage current makes it dif?cult to pole the ceramic and 
the high coercive ?eld leads to unsaturated hysteresis loops 
even at very high electric ?elds.l5'l7 In the mean time, the 
Well-known PbZrO3iPbTiO3 (PZT) ceramics have demon 
strated excellent dielectric and piezoelectric performances 
but the Curie temperature at the MPB composition (3 80° C.) 
is low for some applications.2’ 11 As a result of the relatively 
low Curie temperature, use of PZT-based devices has been 
restricted. 
SUMMARY OF THE INVENTION 
The present invention provides in an embodiment a piezo 
electric ceramic material comprising a series of ternary solid 
solution compositions comprising BiFeO3, PbZrO3, and 
PbTiO3 in proportions to provide a bene?cial combination of 
piezoelectric properties and preferably increased Curie tem 
perature as compared to that of PZT. The present invention 
includes, but is not limited to, morphotropic phase boundary 
compositions in the BiFeO3iPbZrO3iPbTiO3 ternary 
solid solution system as base compositions to provide the 
combination of piezoelectric properties and increased Curie 
temperature. As a result, the ternary ceramic material pro 
vides compositional adjustability in the Curie temperature 
While maintaining the piezoelectric properties. 
In an illustrative embodiment of the invention, the ceramic 
material comprises a BiFeO3iPbZrO3iPbTiO3 ternary 
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solid solution Wherein the proportions of the perovskite metal 
oxides BiFeO3, PbZrO3, and PbTiO3 are controlled to provide 
a ternary solid solution composition Within the morphotropic 
phase boundary (MPB) region, providing a material prefer 
ably With relatively high Curie temperatures exceeding 380° 
C. and useful piezoelectric properties. 
In a particular illustrative embodiment of the present inven 
tion, a ceramic material pursuant to the invention can be 
represented by the following: 
MPB compositions of the ceramic material in this ternary 
solid solution system are listed in the following table, 
together With their Curie temperatures (Tc), coercive ?elds 
(Ec), and piezoelectric coef?cients (d33). 
TABLE 1 
Molar fractions for the MPB compositions and their properties. 
MPB compositions TC EC (133 
BiFeO3 PbTiO3 PbZrO3 (° C.) (kV/crn) (pC/N) 
1 0.648 0.299 0.053 575 28.9 64 
2 0.566 0.329 0.105 495 25.1 64 
3 0.506 0.333 0.161 440 32.2 90 
4 0.445 0.335 0.220 395 38.3 119 
5 0.372 0.351 0.277 360 44.7 139 
The present invention envisions a sensor, transducer, or 
actuator made of the ternary ceramic material described 
above and advantageous in that it can be used in service 
applications Where the temperature is above 150° C. Other 
advantages of the present invention Will become apparent 
from the following draWings taken With the following 
detailed description of the invention. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 shoWs the ?ve MPB compositions (molar fractions) 
in the BiFeO3iPbZrO3iPbTiO3 ternary phase diagram. It 
is apparent that these compositions deviate from the straight 
line connecting the tWo MPB compositions in binary 
BiFeO3iPbTiO3 and PbZrO3iPbTiO3 systems. In order to 
preserve the high Curie temperature, compositions close to 
the BiFeO3iPbTiO3 side are focused. 
FIG. 2 displays X-ray diffraction data shoWing phase for 
mation in the ceramics sintered at 1075° C. for tWo hours. The 
diffraction spectra con?rmed all ?ve compositions are at the 
morphotropic phase boundary With a mixture of tetragonal 
and rhombohedral phases. 
FIG. 3 shoWs the temperature dependence of dielectric 
constant 6, measured at 100 kHz during heating for the ?ve 
MPB compositions. The temperature Where the dielectric 
constant peaks is the Curie temperature. 
FIG. 4 illustrate the polarization vs. electric ?eld hysteresis 
loops measured at room temperature at 4 Hz in these MPB 
compositions. 
DETAILED DESCRIPTION OF THE INVENTION 
The present invention provides an illustrative embodiment 
a ceramic material comprising a ternary solid solution com 
position comprising perovskite metal oxides; namely, 
BiFeO3, PbZrO3, and PbTiO3, Wherein the proportions of 
BiFeO3, PbZrO3, and PbTiO3 are selected and controlled to 
provide a material With a bene?cial combination of compa 
rable or preferably increased Curie temperature as compared 
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to that of PZT as Well as similar piezoelectric properties. The 
proportions of BiFeO3, PbZrO3, and PbTiO3 can be selected 
to provide a ternary solid solution composition that falls 
Within a morphotropic phase boundary (MPB) region. The 
MPB region comprises an area of the ternary phase diagram 
(at room temperature) of BiFeO3, PbZrO3, and PbTiO3 
betWeen a tetragonal phase and a rhombohedral phase of the 
material. As a result, the ternary ceramic material provides 
compositional adjustability in the Curie temperature While 
maintaining piezoelectric properties comparable to those of 
PZT. For purposes of illustration and not limitation, a pre 
ferred ceramic material pursuant to the present invention can 
provide relatively high Curie temperatures exceeding 380° 
C., more generally in the range from 360 to 575° C., and 
piezoelectric properties similar to that of PZT. The present 
invention envisions a sensor, transducer, or actuator made of 
the preferred ternary ceramic material described above and 
advantageous in that it can be used in service applications 
Where the temperature is above 150° C., the current limit for 
PZT material. 
For purposes of further illustration and not limitation of the 
invention, a ceramic material pursuant to the invention can be 
represented by the following: 
Where x is 0.02 to 0.28 While y is 0.26 to 0.36. As Will become 
apparent beloW and as shoWn in Table 1 above, MPB ternary 
compositions of the ceramic material are provided When (1) 
x:0.053, y:0.299; (2) x:0.105, y:0.329; (3) x:0.161, 
y:0.333; (4) x:0.220, y:0.335; (5) x:0.277, y:0.351. 
The ternary ceramic material pursuant to the present inven 
tion is advantageous in that it offers high perovskite phase 
formability, preferably a relatively high Curie temperature, a 
high dielectric permittivity, a loW dielectric loss, and high 
ferroelectric and piezoelectric properties. Table 1 above illus 
trates that the MPB compositions 1, 2, 3, and 4 have a ben 
e?cial combination of piezoelectric properties and increased 
Curie temperature. Composition 5, although having a Curie 
temperature generally comparable to that of PZT, may nev 
ertheless ?nd uses in certain applications Where its Curie 
temperature permits. The ternary ceramic material is sintered 
to develop and control its Curie temperature and electric 
properties and can be used in the form of a sintered ceramic 
body, ?lm, and single crystals. 
For purposes of illustration and not limitation, the ceramic 
material can be prepared using conventional solid state reac 
tion using appropriate amounts of the oxide poWders and/or 
carbonate poWders, Which are Weighed out and intimately 
mixed. After drying, the mixed poWder is pressed into a body 
and calcined in covered crucibles. Calcination is a solid state 
thermal process involving interdiffusion of cations and 
anions to achieve the ceramic material comprised of the ter 
nary perovskite phases in solid solution, Which can be deter 
mined by X-ray diffraction analysis. The as-calcined poWder 
can be ground and milled in ethanol or other carrier liquid to 
reduce the particle size. Then, the dried slurry can be pressed 
to form cylindrical pellets With 10% poly vinyl alcohol (PVA) 
solution as binder and sintered at appropriate temperature(s) 
to develop the desired material structure and properties. 
Applicants investigated the morphotropic phase boundary 
(MPB) compositions in the above-described ternary system. 
The content of PbTiO3 Was ?ne tuned in order to reach the 
appropriate volume fractions betWeen the rhombohedral and 
tetragonal phases in the sintered ceramic material. 
The processing conditions, especially the sintering tem 
perature, Were found to impact the rhombohedral phase/tet 
ragonal phase ratio of the mixed-phase crystal structure of the 
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sintered ceramics. It Was further observed that the formation 
of impurity phase, ceramic density, grain morphology, dielec 
tric as Well as ferroelectric and piezoelectric properties are all 
very sensitive to the sintering temperature. Although the 
ceramics sintered at higher temperatures exhibit good dielec 
tric properties With a sharp paraelectric/ferroelectric transi 
tion, the impurity phase along the grain boundary appears to 
be detrimental to the ferroelectric and piezoelectric proper 
ties. 
The MPB compositions in this system deviate aWay from 
the straight line connecting the tWo MPB compositions in 
binary systems of BiFeO3iPbTiO3 and PbZrO3iPbTiO3, 
FIG. 1. To obtain ceramics With excellent piezoelectric per 
formances and high Curie temperatures, the processing con 
ditions can be adjusted to reduce or eliminate the impurity 
phase. In addition, additional minor amount dopants can be 
added. 
EXAMPLES 
Ceramic samples of the MPB compositions in the 
BiFeO3iPbZrO3iPbTiO3 ternary system Were prepared by 
the solid state reaction method. 
Appropriate amounts of Bi2O3, Fe2O3, PbO, TiO2, and 
ZrO2 Were mixed With vibratory mill in ethanol for 6 hours. 
After drying, the mixed poWder Was pressed and calcined in 
covered crucibles at 850° C. for 5 hours. The as-calcined 
poWder Was ground and milled in ethanol again for 15 h to 
reduce the particle size. Then the dried slurry Was pressed at 
300 MPa to form cylindrical pellets With 10% poly vinyl 
alcohol (PVA) solution as binder and sintered at temperatures 
1075° C. for 2 hours. Protective poWder of the same compo 
sition Was placed around the pellets to minimize the loss of 
lead and bismuth. 
The phase development after sintering Was analyzed using 
X-ray diffractometer With CuiKot radiation. The 
Archimedes’ method Was employed to determine the density 
of sintered pellets. Scanning electron microscopy Was used to 
examine the grain morphology in the as-sintered ceramics. 
For dielectric and ferroelectric measurements, sintered pel 
lets Were polished and electroded With silver paste. An LCR 
meter (HP-4284A, Hewlett-Packard) in conjunction With a 
high temperature sample holder cell system (ProboStat, 
NorECs) Was used to measure the temperature dependence of 
dielectric constant and loss tangent during heating from room 
temperature to 700° C. The polarization v.s. electric ?eld 
hysteretic loops Were characterized by the RT-66A standard 
ized ferroelectric test system (Radiant Technologies). For 
piezoelectric measurements, the ceramic Was poled at room 
temperature at 70 kV/ cm for 1 hour. Piezoelectric coef?cient 
d33 Was measured 24 hours afterpoling With a piezo-d33 meter 
(ZJ-4B, Shanghai Institute of Ceramics). 
For these example MPB compositions, the crystal struc 
ture, dielectric and ferroelectric properties are displayed in 
FIGS. 2 through 4, While the composition, Curie temperature, 
coercive ?eld, and piezoelectric coe?icient are listed in Table 
1 above. 
Although the present invention has been described in detail 
With respect to certain illustrative embodiments thereof, those 
skilled in the art Will appreciate that changes and modi?ca 
tions can be made therein Within the scope of the invention as 
set forth in the appended claims. 
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The invention claimed is: 
1. A ceramic material comprising a ternary solid solution 
composition of BiFeO3iPbZrO3iPbTiO3 represented by 
the following: 
(1 —X—y)BiPeO3-XPbZrO3-yPbTiO3 WhereX is 0.02 to 0.28 
While y is 0.26 to 0.36 and Where X and y have different 
values and are selected such that the composition resides 
in a morphotropic phase boundary (MPB) region and the 
BiFeO3 is present in a molar fraction greater than 50%. 
2. The material ofclaim 1 Wherein X is 0.053 and y is 0.299. 
3. The material ofclaim 1 Wherein X is 0.105 and y is 0.329. 
4. The material ofclaim 1 Wherein X is 0.161 and y is 0.333. 
5. The material of claim 1 Which is sintered. 
6. A ceramic material comprising a ternary solid solution 
composition With BiFeO3, PbZrO3, and PbTiO3 in propor 
tions to provide a combination of pieZoelectric properties and 
increased Curie temperature as compared to that of PZT 
Wherein the proportions of PbZrO3, and PbTiO3 are different, 
Wherein the molar fraction of BiFeO3 is greater than 50%, and 
Wherein the composition resides Within a morphotropic phase 
boundary (MPB) region. 
7. The material of claim 6 having a Curie temperature 
exceeding 4400 C. 
8. The material of claim 7 Wherein the Curie temperature is 
up to 5750 C. 
9. The material of claim 6 Which is sintered. 
1 0. A sensor, transducer, or actuator made of the material of 
claim 1. 
1 1 . A sensor, transducer, or actuator made of the material of 
claim 6. 
12. A method of making a pieZoelectric ceramic material, 
comprising miXing proportions of BiFeO3, PbZrO3, PbTiO3, 
calcining the miXture to make a ternary solid solution com 
position comprising BiFeO3, PbZrO3, and PbTiO3 including 
selecting proportions of the BiFeO3, PbZrO3, and PbTiO3 
Wherein the proportions of PbZrO3, and PbTiO3 are different 
and Wherein a molar fraction of BiFeO3 is greater than 50% 
such that the ternary solid solution composition resides 
Within a morphotropic phase boundary (MPB) region With a 
Curie temperature comparable to or increased as compared to 
that of PZT. 
13. The method of claim 12 Wherein the ceramic material is 
represented by the following: 
(1 —X—y)BiPeO3-XPbZrO3-yPbTiO3 WhereX is 0.02 to 0.28 
While y is 0.26 to 0.36 and Wherein X and y have different 
values. 
14. The method of claim 13 Wherein X is 0.053 and y is 
0.299. 
15. The method of claim 13 Wherein X is 0.105 and y is 
0.329. 
16. The method of claim 13 Wherein X is 0.161 and y is 
0.333. 
17. The method of claim 12 including sintering the mate 
rial. 
